We used 16S ribosomal RNA (rRNA) and cytochrome c oxidase subunit I (COI) sequence data to investigate the population structure in the centipede Craterostigmus tasmanianus Pocock, 1902 (Chilopoda: Craterostigmomorpha: Craterostigmidae) and to look for possible barriers to gene flow on the island of Tasmania, where C. tasmanianus is a widespread endemic. We first confirmed a molecular diagnostic character in 28S rRNA separating Tasmanian Craterostigmus from its sister species Craterostigmus crabilli (Edgecombe and Giribet 2008) in New Zealand and found no shared polymorphism in this marker for the 2 species. In Tasmania, analysis of molecular variance analysis showed little variation at the 16S rRNA and COI loci within populations (6% and 13%, respectively), but substantial variation (56% and 48%, respectively) among populations divided geographically into groups. We found no clear evidence of isolation by distance using a Mantel test. Bayesian clustering and gene network analysis both group the C. tasmanianus populations in patterns which are broadly concordant with previously known biogeographical divisions within Tasmania, but we did not find that genetic distance varied in a simple way across cluster boundaries. The coarse-scale geographical sampling on which this study was based should be followed in the future by sampling at a finer spatial scale and to investigate genetic structure within clusters and across cluster boundaries.
The monogeneric centipede order Craterostigmomorpha is 1 of 5 recognized orders within Chilopoda (Edgecombe and Giribet 2007) . Craterostigmomorpha has been recognized to be the sister group to Epimorpha (the clade including Scolopendromorpha þ Geophilomorpha) (Dohle 1985; Borucki 1996; Giribet et al. 1999; Kraus 2001; Edgecombe and Giribet 2004 ; Giribet and Edgecombe 2006; Murienne et al. 2010 ), but recent analyses based on molecular data have suggested a more basal position in the centipede tree (Regier et al. 2005 (Regier et al. , 2010 Mallatt and Giribet 2006; Murienne et al. 2010) . The fact that the order has only 2 species contrasts with the diversity of the other centipede orders, containing between 100 and 1260 described species and worldwide distributions. Craterostigmomorpha is restricted to the South Pacific islands of Tasmania and New Zealand (Edgecombe and Giribet 2008) . Because of this interesting phylogenetic position and relictual status, its morphology, ultrastructure, natural history, and genetics have been studied thoroughly (see a detailed listing of these studies in Edgecombe and Giribet 2008) .
The genus Craterostigmus was first described as monotypic (Pocock 1902) with Craterostigmus tasmanianus as its only species (Archey 1917 (Archey , 1936 Mundel 1979; Mesibov 1995) . Substantial work has been done on the morphology of specimens from both islands (Prunesco 1965; Ernst et al. 2002 Ernst et al. , 2006 Müeller and Meyer-Rochow 2006; Prunescu CC and Prunescu P 2006; Rosenberg et al. 2006) , and centipedes from Tasmania can be distinguished from those from New Zealand roughly on the basis of coloration and size, although these traits sometimes overlap and thus are not diagnostic. It was not until recently that definitive molecular diagnostic characters were reported (Edgecombe and Giribet 2008) , and the genus divided into C. tasmanianus for the Tasmanian species and C. crabilli for that from New Zealand. This is also supported by anatomical characters based on a difference in the orientation of supernumerary Malpighian tubules (Prunescu CC and Prunescu P 2006) . Subsequent molecular work corroborated that both species are reciprocally monophyletic and explored in further detail the phylogenetic structure of the New Zealand species ). However, little molecular work has yet been done on the nominal species of the order, which shows large genetic divergences and may be an excellent example for addressing old biogeographical questions in Tasmania since the group seems to have started diverging a long time ago (Murienne et al. 2010) .
Better insights into population structure are important to understand the historical and current factors leading to the present distribution of animals on islands (Avise 2004) . A marked genetic break where no apparent physical barrier exists (e.g., water body, mountain range) could be an indication of a cryptic ecological or evolutionary process, such as divergent natural selection, or allopatry where a continuous habitat is apparent (Cooper A and Cooper RA 1995) . The opposite scenario, a random distribution of genotypes despite apparent physical barriers, may be an indication of an organism's unrecognized dispersal characteristics. Apart from the basic questions regarding biogeography, a clear picture of how the genetic diversity is distributed on an island is an important consideration in decisions for delineating conservancy areas (Paetkau 1999) .
The causes for population subdivision can be many and can result in an observed patchwork of patterns making it difficult to sort the relative effect of each barrier to gene flow. For example, populations can subdivide because of divergent selection (Via et al. 2000) or physical or ecological barriers to gene flow (Schluter 2001) , although the presence of these putative barriers is no inevitable precursor to subdivision. Therefore, the presence of population subdivision is a good indicator of persistent barriers (Slatkin 1987 (Slatkin , 1989 .
One important issue before interpreting results of putative population structure is to discount the effects of isolation by distance (IBD). Assuming migration occurs over short distances (Kimura and Weiss 1964) , one would expect geographic distance to be correlated with genetic distance (Wright 1943 (Wright , 1946 Slatkin 1993; Rousset 1997) . If IBD is detected, one has to discount the effect of Euclidean distance, as opposed to the effect of physical barriers to gene flow, on our calculations of population structure. IBD analysis is also a requisite for population clustering schemes, such as the one we present in this study, because a large IBD effect can create a bias toward overclustering of populations ). IBD analysis can also provide clues to the presence of barriers to gene flow when breaks or clusters appear on the geographic-genetic distance plots (Guillot et al. 2009) , and the effect of these breaks can be statistically tested with partial Mantel tests (see Bohonak 2002 and references within) .
Tasmania presents a rich opportunity for studies of island biogeography and population genetics of island endemics because of its proximity to Australia and partly shared biota with New Zealand, including the centipede genus Craterostigmus, and because of the detailed historical data of climatic variation within the island kept by the Australian Government Bureau of Meteorology (http:// www.bom.gov.au/climate/data/index.shtml). Despite this, there is a dearth of rigorous studies on biogeography and phylogeography of Tasmania, except for a recent one on mercopteran flies (Palmer et al. 2007 ), a few studies on native (Jones et al. 2008 ) and exotic (Webley et al. 2007 ) land mammals, and tangentially on some invertebrates when they relate to the Australian mainland (e.g., Endersby et al. 2006) . Of these, only Palmer et al. (2007) attempts to explain faunal breaks or possible geographic processes affecting gene flow, population subdivisions or structure. However, some studies have suggested, although not explicitly tested, faunal breaks. A study of the rotifer fauna found a possible faunal break dividing acidophilic species in the west versus predominately alkaline water species east of a line dubbed ''Tyler's Line.'' As described by Shiel et al. (1989) , this line demarcates the western outline of the Tasmanian Central Plateau starting north at the Great Lake (Shiel et al. 1989; Tyler 1992 ). Further observations provided more evidence for the possibility of other faunal breaks, at least among the invertebrate fauna (Mesibov 1994) (Figure 1 ).
The present study is the first attempt to test, from a genetic perspective, hypotheses of population structure and the possible effect of geological barriers to gene flow in Tasmania using a terrestrial invertebrate with wide distribution in the island. We attempt to do this by 1) confirming the diagnostic molecular characters dividing C. tasmanianus and C. crabilli, to assure we are dealing with the whole geographic distribution of a single species; 2) exploring the possible effect of IBD on the genetic differentiation within Tasmania for C. tasmanianus; 3) presenting data and hypotheses about the current genetic structure within the island; and 4) testing for concordance between putative faunal breaks and population structure.
Materials and Methods

Specimen Sampling
Our sampling includes 85 fresh specimens and 20 from museum collections, out of which 84 and 10 specimens, respectively, yielded usable DNA (see Figure 1 for collecting localities and Supplementary Appendix S1 for list of loci sequenced for each individual). Specimens were collected by hand by R.M. and preserved in 95% ethanol (fresh specimens) or 75-80% ethanol (museum specimens) and shipped in propylene glycol to comply with shipping restrictions. After DNA isolation, all specimens were transferred to 96% ethanol and stored at À80°C for longterm preservation of DNA. New specimens were deposited at the Museum of Comparative Zoology (MCZ), Harvard University, Cambridge, Massachusetts, USA. All DNA isolates from new material and legs from material from the Queen Victoria Museum and Art Gallery (QVMAG), Launceston, Tasmania, Australia were also deposited in the MCZ. MCZ voucher numbers correspond to their DNA numbers (Supplementary Appendix S2).
Molecular Methods
Total genomic DNA was isolated from one leg from each specimen with the DNeasy Tissue Kit (QIAGEN, Valencia, CA). A fragment of 28S ribosomal RNA (rRNA) delimited by primer pair 28Sa and 28Sb Giribet 2004, 2008 ) was used to test the validity of the diagnostic character splitting C. tasmanianus and C. crabilli. We also extended sequencing the 3#-end of 18S rRNA reported by Edgecombe and Giribet (2008) using primers and PCR protocols as listed in Edgecombe and Giribet (2006) to search for possible additional diagnostic characters or intraspecies variation or shared polymorphism between the 2 species.
For the intraspecific population structure, a 813-bp fragment of the mitochondrial gene cytochrome c oxidase subunit I (COI) was amplified with primer pair LCO1490 (Folmer et al. 1994) and HCOoutout (Schwendinger and Giribet 2005) , for which we did not find any sequence length variation. A 497-to 498-bp fragment of the mitochondrial ribosomal gene 16S rRNA was amplified using primer pair 16Sa (Xiong and Kocher 1991) and 16Sb (Edgecombe et al. 2002) . We followed the same PCR and sequencing protocols as described by Edgecombe and Giribet (2008) and aligned sequence fragments using the MUSCLE v3.7 web interface (Edgar 2004) . All sequences were submitted to GenBank under accession numbers listed in Supplementary Appendix S2.
Analysis of Population Structure
Although mitochondrial DNA rarely undergoes recombination, and thus, different fragments should provide the same genetic footprint of demographic processes, for example, strong selection causing a reduction in variation in COI would equally affect 16S rRNA if indeed they are tightly Figure 1 . Map of Tasmania. Blue circles mark rotifer collection localities from Shiel et al. (1989) . Shading indicates soil acidity. Black line marks Tyler's line as described in the text of the same study, and dashed lines mark the approximate congruence of climatic, geologic, edaphic, and vegetation change from Tyler (1992) . Red circles mark the collecting locality of Craterostigmus tasmanianus for the present study. Dark area delineates sedimentary rocks intruded by Jurassic dolerite (Seymour et al. 2007 ).
linked (Ballard and Whitlock 2004) , we wanted to test this assumption by treating both markers separately. Arlequin v.3.5.1.2 (Schneider et al. 2000) was used to estimate population pairwise / ST values (Wright 1965; Reynolds et al. 1983; Slatkin 1995) , and hierarchical F ST using Weir's estimator (Weir 1990 ). Genetic distance (hp) was calculated using Kimura's 2-parameter model (Kimura 1980 ) and Slatkin's similarity measure (Rousset 1997) . For analysis of molecular variance calculations (Weir and Cockerham 1984; Excoffier et al. 1992; Weir 1996) , we divided Tasmania into locales, populations, and groups of populations. Significance tests were calculated with 10 000 permutations.
Presence of IBD was tested with the program IBD (Bohonak 2002; Jensen et al. 2005 ) with a Mantel test (Mantel 1967; Sokal and Rohlf 1995) , with 10 000 randomizations (see methods in Legendre P and Legendre L 1998; Bohonak 2002) . We defined ''populations'' as collecting localities and calculated the geographic distance between each pair of localities as the great circle distance to account for the Earth's curvature. The results from the Mantel test were plotted against the genetic distance expressed as Slatkin's linearized F ST (M).
We performed partial Mantel tests (Smouse et al. 1986 ) using IBD Web Service (Jensen et al. 2005) to assess the correlation between genetic distance and an ''indicator matrix,'' that is, to test for the correlation between 2 variables while correcting for the presence of a putative geographical barrier between those 2 populations. The presence or absence of the geographical barrier was scored as binary data: If 2 populations were on the same side of the barrier, the pair was scored as a 0, if they were separated by the barrier, as a 1. We devised several schemes to join locales/populations into broader groups, using edaphic, geographic, and information from overlapping clusters inferred by Bayesian statistics (methods described below). We also tested an ''extended Tyler's Line'' that divides the island into east and west putative biogeographical regions. Although the southern half originally described by Shiel et al. (1989) matches the border of the Jurassic dolerite deposits (Seymour et al. 2007 ), the northern half does not. As the goal of this study was to test possible geographical barriers based on natural conditions, we moved the top half of the line to match the dolerite deposit border (Figure 1) .
The R package GENELAND was used to estimate clusters of populations without an explicit spatial model (Guillot et al. 2005 ; R Development Core Team 2006), with settings: 100 000 Markov chain Monte Carlo iterations keeping every 100th. The map with the best likelihood score among 50 independent runs with burn-in set at 100 was then selected for postprocessing, which included the mapping of population cluster membership and the posterior probability of membership to populations. All sequences were analyzed as single fragments. We estimated gene networks using SplitsTree4 software (Huson and Bryant 2006) . Under the assumption that the specimens under study are indeed members of a population, that is, not of reproductively isolated biological species (Mayr 1963) , gene networks provide a more realistic view of the 
Results
Further Testing of Molecular Diagnostic Characters between C. tasmanianus and C. crabilli
With our broader sampling, we sequenced the 28S rRNA region of C. tasmanianus, including the diagnostic character used to distinguish it from the New Zealand C. crabilli reported by Edgecombe and Giribet (2008) . We found no sequence length variation, except for the cited diagnostic indel described by Edgecombe and Giribet (2008) , nor did we find any shared polymorphism between the 2 species, confirming the validity of this character (Supplementary Appendix S3).
Population Study
We analyzed data from a total of 94 C. tasmanianus individuals and 5 previously published by Edgecombe and Giribet (2008) and Giribet et al. (2009) , distributed among 22 collecting localities. Specimens from 5 of these localities only amplified for monomorphic loci and 8 localities consisted of single specimens and were thus not used in calculating diversity indices. Number of haplotypes per population ranged from 1 to 7 at 16S rRNA and from 1 to 9 at COI. p ranged from 0 to 28.0833 in the COI data set ( Table 1) . The F ST analog / ST averaged 0.465, although only 5.85% and 12.99% of the variation was within localities for COI and 16S rRNA, respectively (Table 2 and Supplementary Appendix S4). Most of the variation was within groups (i.e., geographic areas) among populations (i.e., collecting localities), 55.84% and 48.23% for COI and 16S rRNA, and the remaining variation (38.31% and 38.77%) was among populations.
Both gene networks for COI and 16S rRNA presented similar patterns (Figure 2 ). The population pairs of KERRI þ WEAVE, MTELE þ FRASE, and MAGGS þ ARGEN always appear next to each other, although in the network from COI data, at least one sequence from MTELE þ FRASE seems to be midway between PENST and the MTELE þ FRASE group. For both loci, a single sequence from ELDRI is close to the base of WANDL and not with the rest of ELDRI. This is particularly interesting since otherwise all the sequences obtained from specimens from the ELDRI population are clearly different from the sequences obtained from specimens sampled at other locations. The network for 16S rRNA also had 3 single sequences that appeared closer to those from another geographic area. Contamination at the DNA extraction isolation step is unlikely, as no individuals from different populations shared the same sequence for both COI and 16S. Contamination is also unlikely at the PCR step. Of the 3 sequences that cluster with others from a different location, 2 are not exact copies to any of the sequences from these other locations, and the 1 that was indeed identical to some from another location was confirmed by a second round of PCR and sequencing.
Isolation by Distance
All comparisons via Mantel test for a correlation between genetic and geographic distance were nonsignificant for either the 16S rRNA or the COI loci (Table 3 and Figure 3 ). Recent studies show that the probability of finding a significant correlation between geographic and genetic distance increases with sample size but is not correlated to other factors usually given great weight in IBD studies, such as choice of genetic marker (i.e., mitochondrial vs. nuclear; DNA sequence data vs. microsatellite length data) or genetic distance estimator (Jenkins et al. 2010) . Our data are consistent with this idea, and our results did not vary when using the h 5 F ST = ð1 À F ST Þ as the estimator. This lack of support for the presence of IBD is consistent with the hypothesis that the population structure observed is correlated with factors related to ecological, edaphic, or biological factors and not to geographical distance.
Another issue related to the possible presence of IBD is that statistical clustering schemes are not useful in cases where more than a weak IBD is detected (Coulon et al. 2006; ). Moreover, GENELAND and similar programs (e.g., STRUCTURE; Falush et al. 2007) show biases toward overestimating the number of clusters ). We thus did not correct for the possible effect of IBD and assumed no bias toward overpartitioning populations. 
Bayesian Inference of Population Clusters
The results from the Bayesian clustering analysis in GENELAND broadly confirmed the inferred gene networks (Figures 2 and 4) . The FRASE þ MTELE clustered together in both the COI and the 16S rRNA map. For 16S rRNA, ARGEN þ MAGGS þ KOONY formed a cluster, even though KOONY is geographically on the opposite side of the island. For COI, KERRY þ WEAVE þ LAKES formed another cluster, same as in the network, also despite being geographically on opposite sides of the island. Taking into account that the COI and 16S rRNA maps included data from different locations in the south part of the island, the only discrepancy between COI and 16S rRNA is that the latter data cluster together ELDRI and WANDLE, while the COI data separate these 2, as would be expected if Arthur's Lineament, a region of metamorphic rock dating back to the Cambrian (Turner et al. 1998) , were indeed acting as a barrier to gene flow.
Partial Mantel Test for Barriers to Gene Flow
The results form the partial Mantel test showed that the presence of our extended Tyler's Line between 2 population pairs had no significant correlation with the genetic distance between the 2 groups compared (Table 3) . We also did not find a significant correlation for being on opposite sides of the Bayesian-inferred clusters, or other grouping schemes based on geology, even before applying a Bonferroni correction for multiple testing.
Discussion
In this study, we tested one of the diagnostic molecular characters splitting the Tasmanian species C. tasmanianus from its sister species in New Zealand C. crabilli, which was corroborated by the new data. We examined the population structure patterns for the Tasmanian centipede C. tasmanianus and found evidence for the presence of demes not attributable to a pattern of IBD. The lack of support for a pattern of IBD only reflects an examination of Euclidean distance, and for these terrestrial soil arthropods a distance measurement taking into account the contour of the terrain could have given different results. The next necessary step is to perform a denser sampling among putative barriers to gene flow.
The marked population division is evidenced by the clear clustering of haplotypes from the same location in the gene networks, and the confirmation of these groups using the results of the statistical clustering analysis. Moreover, we found little genetic variation (9.42% on average) within populations, with the remaining 90.58% among populations. Nevertheless, we did not find a correlation between genetic distance and samples found on either side of the borders of these groups.
It is hard to distinguish between ancient causes in geological time from current barriers to gene flow, but one clue is that the population clusters we found all correspond with well-known geological features of the island. For example, between ELDRI and WANDL is the Arthur Lineament (Holm and Berry 2002) . Our northern extension of Tyler's Line also correlates with the clustering analysis, running between MAGGS and PENST and between KERRI and WANDL. This extended line corresponds with edaphic and geologic factors, for example, soil acidity (Shiel et al. 1989; Tyler 1992) , which translate into effects on the distribution of plants and thus prey habitat and composition for ground-dwelling predators (Cibrian-Jaramillo et al. 2010) . Our results, however, do not support the northern half of the original line described by Shiel et al. (1989) and neither do they correspond with the western limit of the dolerite deposits. There may be other reasons that we could not find a correlation between obvious geographical and ecological lines and genetic distance. For example, the Mantel test had diminished statistical power due to the performing of 3 tests, as opposed to a single one with the same data (Holm 1979) . This could potentially be solved by increasing the number of localities sampled, particularly along borders of putative barriers to gene flow, although these animals can be difficult to obtain, especially in some locations. For example, we found a consistent genetic division between the relatively dry, low-lying Midlands of Tasmania and the relatively wet, elevated Central Highlands and the Northeast (the line north of PENST dividing it from KERRY þ WEAVE), although current methods and our sampling scheme make it difficult to distinguish between true genetic clustering and a cline (Berry and Kreitman 1993) .
This constitutes one of the first studies evaluating the population structure of a species of terrestrial invertebrate endemic to Tasmania (Palmer et al. 2007 ) and one of the first population-level studies for myriapods (but see Marek and Bond 2009; Walker et al. 2009; Murienne et al. 2011) , arthropods that have been often advocated as models for biogeographic study. Looking within the species, population genetic structure reveals interesting biogeographic patterns within Tasmania and shows the potential for using myriapods in future studies in other islands.
Supplementary Material
Supplementary material can be found at http://www. jhered.oxfordjournals.org/.
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